Paper sludge (PS) was converted into a novel zeolitic material with the ability to simultaneously remove NH 4 + and PO 4 3-from an aqueous solution using calcination and alkali treatment. The sludge was calcined at 200-1000 °C for 6 h to have PO 4 3-removal ability, and was then converted into a zeolitic material upon reaction with a 1 -4 M NaOH solution at 80 °C to have NH 4 + removal ability. Also, the both removal abilities of the product was tried to improve using diatomite during the alkali reaction. Without the addition of diatomite, hydroxysodalite and katoite were obtained in the product, and with the addition of diatomite, zeolite-P appeared in the product. The product from the calcined PS with diatomite has a higher NH 4 + removal ability than those calcined without diatomite, and the product obtained from the 2 M NaOH solution with addition of diatomite has a high removal ability because of the zeolite-P phase in the product. On the other hand, regardless of diatomite addition or NaOH concentration the product from the PS calcined at 800 °C had a high PO 4 3-removal ability due to the present of active sites to remove PO 4 3-. The observed concentrations of Si, Al and Ca in the solutions during the reaction explain the crystallization behavior of these phases. The product synthesized from the PS calcined at 800 °C in 2 M NaOH solution with the addition of diatomite was able to simultaneously remove NH 4 + and PO 4 3-from the aqueous solution.
Introduction
During the manufacture of recycled paper, paper sludge (PS) is discharged as industrial waste. Over 3 million tons of sludge are discharged every year in Japan, and approximately 8 and 2 million tons are discharged in the United States and the United Kingdom, respectively [1] [2] [3] . These amounts increase annually. The paper industry is of great environmental importance owing to the quantity of PS generated and its disposal. Although most PS is disposed of in open dumps or in landfills after incineration, a small part of the PS is used as a soil improver and fertilizer in agriculture [4] [5] [6] [7] [8] .
In my previous studies, paper sludge ash (PS ash), which was produced from PS by incineration for the volume reduction, was converted into zeolitic adsorbents due to the zeolite crystal created on the surface of the ash using alkali reaction, and the product with cation exchange capacity by zeolitic phases such as hydroxysodalite [Na 6 [9] [10] [11] [12] . Some products from the ash indicate simultaneous removal ability of NH 4 + and PO 4 3- , due to the zeolitic phases and amorphous calcium aluminosilicate hydrate (CASH) phases synthesized by alkali treatment, respectively [13] [14] [15] [16] [17] . The product can be used for water purification such as farm wastewater, (xxx) agricultural wastewater and domestic sewage, which contains high nutrients such as NH 4 + and PO 4 3- , and it can then be reused as a derived material for planting or agricultural soil 18, 19) , because it is normally extremely low in potentially toxic components among industrial wastes [20] [21] [22] . Additionally, it was found that PS calcined at 800 °C has a good sorption capacity for phosphate and fluoride ions owing to the active sites on the amorphous calcined sludge surface formed from kaolinite, limestone and talc [23] [24] [25] [26] . Most PS ash composed of crystalline phases, such as gehlenite, anorthite, talc and calcite, and amorphous phases, due to the incineration using fluidized bed. The formation of zeolite phases and amorphous CASH gel phases depends on the properties of raw materials, and calcination can control the properties of calcined PS as raw materials for the synthesis. There is a possibility to prepare the product with high ability to simultaneously remove NH 4 + and PO 4 3-from calcined PS. However, little information can be available on the simultaneous removal ability of the product synthesized from calcined PS using alkali reaction. To our knowledge, no previous effort has been made to determine the effect of calcination temperature of PS on the simultaneous removal ability of the products synthesized using alkali reaction. In this study, a novel zeolitic adsorbent with the ability to simultaneously remove NH 4 + and PO 4 3-attempted to prepare from PS using calcination and alkali treatment. We have studied the direct preparation procedure of a novel adsorbent from PS on various conditions and the ability of the end products to simultaneously remove NH 4 + and PO 4 3-with the objectives of (1) demonstrating the relationship between calcinated PS for synthesis and the resulting phases, and (2) establishing the conditions for production of the product with simultaneous removal ability of NH 4 + and PO 4 3- . Additionally, we tried to improve the properties of the product using silica additive, diatomite. We report the underlying chemistry in synthesis of product phases from calcined PS in NaOH solution.
Experimental

Paper sludge and diatomite
Paper sludge from a paper company in Japan was used as the starting material. The PS was dried at 80 °C overnight, and sieved to obtain particles less than 250 µm. (Fig. 1) .
Diatomite used in this study as silica additive was obtained from deposits located in Takanosu, Akita prefecture, Japan. The diatomite was ground to less than 30 mesh and dried at 60 °C. The chemical composition of the diatomite is given in Table 1 . The dried sample contained 0.2% moisture and 0.4% organic components and inorganic components, predominantly SiO 2 (85.1%) because of the diatom frustules that had precipitated in amorphous silica form. Some rock fragments were also present. The fragments were mainly quartz and minor feldspar (Fig. 1 ) that was derived from surrounding rocks.
The moisture and organic content of the samples were determined by differential thermal analysis (DTA) / thermogravimetry (TG) (TG8120, Rigaku, Japan) from 20 -1000 °C at a heating rate of 10 °C/min in flowing air. The inorganic elements in the samples were determined by X-ray fluorescence (XRF) (Primini, Rigaku). The crystalline phases in each sample were identified by powder X-ray diffraction using monochromated CuKα radiation (XRD) (Ultima IV, Rigaku). Table 1 Chemical compositions of PS and diatomite. 
Preparation of Adsorbent
The condition to prepare a novel adsorbent with the ability to simultaneously remove NH 4 + and PO 4 3-from PS set in reference to my previous studies [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] various temperatures from 200 to 1000 °C for 6 h at a heating rate of 10 °C/min in an electric furnace under an air atmosphere. It was then cooled to room temperature to obtain the calcined PS samples. Zeolitization was performed as follows: 0.2 g of each calcined PS was added to 2 mL of 1 -4 M NaOH solution and heated at 80 °C for 8 or 24 h. The resulting reaction mixture was filtered and the solid product was washed with distilled water and dried in a drying oven at 60 °C overnight. To improve the zeolitization reaction, the zeolite synthesis with diatomite was performed as follows: the mixture of calcined PS (0.2 g) and diatomite (0.1 g) was added to 2 mL of 1 -4 M NaOH solution and heated at 80 °C for 8 h. The resulting reaction mixture was filtered and the solid product was washed with distilled water and dried in a drying oven at 60 °C overnight. The synthesized mineral phases in the products were identified by XRD and the ability of each product to simultaneously remove NH 4 + and PO 4 3-was determined.
In addition, the synthesis of calcined PS in NaOH solution with or without diatomite was compared to examine the synthesis mechanism to obtain the product with different properties. The PS calcined at 800 °C (10 g) or the mixture of PS calcined at 800 °C (10 g) and diatomite (5 g) was added to a 2 M NaOH solution (200 mL) in a 500 mL Erlenmeyer flask (made of poly(methyl pentene)) with a Dimroth condenser. The mixture (slurry) was stirred at 80 °C for 24 h; 5 mL aliquots of each slurry were removed at various time intervals to monitor the reaction progress over a period of 24 h. The aliquots were filtered, and the concentrations of Si, Al and Ca in the filtrates determined by inductively coupled plasma atomic emission spectroscopy (ICP-AES) (SEIKO, SPS3000, Japan). The solid residues (products) were washed with distilled water, dried in an oven at 60 °C overnight and were examined by XRD.
Simultaneous Removal of NH 4
+ and PO 4
3-
The properties of the products for the removal of NH 4 + and PO 4 3-were examined. A solution containing 10 mM NH 4 + (180 mg/L) and 10 mM PO 4 3-(949 mg/L) was prepared using NH 4 H 2 PO 4 . 0.1 g of each sample and 20 mL of 10 mM NH 4 H 2 PO 4 solution were added into 50 mL of centrifuge tube, and shaken with a reciprocal shaker. It is noted that pH of the solution was adjusted by HCl to obtain the supernatant with pH 6-8 after shaking. After shaking for 16.5 h (16.5 h was previously found to be sufficient for NH 4 + and PO 4 3-to achieve an equilibrium) at room temperature, the suspension was centrifuged to collect the supernatant. The pH of the supernatant was measured using pH meter (Horiba, D-53S, Japan). The NH 4 + concentration of the supernatant was determined by the thymol blue method 27) and the PO 4 3-concentration was assessed by the molybdenum-blue ascorbic acid method 28) using a UV-VIS spectrometer (Shimadzu, UV mini 1240, Japan). The amount of NH 4 + and PO 4 3-removed was calculated from the difference between the initial and the final concentrations in the solution. 8 ] were synthesized in this experimental condition. Without the addition of diatomite, hydroxysodalite was formed from the PS calcined at low temperatures (200, 400 °C) while katoite was synthesized from the PS calcined at high temperatures (600, 800, 1000 °C), regardless of reaction time, which means that the product phase cannot be improved by reaction time. With the addition of diatomite, the zeolitic phases, hydroxysodalite and zeolite-P, were obtained under almost all conditions, which means that diatomite addition can improve the zeolitization reaction. Zeolite-P can be synthesized in NaOH solution with low concentration, while hydroxysodalite was synthesized in that with high concentration, which was good accordance with the results reported by Querol et al. 29) . The Si/Al molar ratios of the product phases katoite, hydroxysodalite and zeolite-P, were 0.5, 1 and 1.67, respectively. The Si content in the product increased with the addition of diatomite and a product phase . A black zone indicates a high removal ability for the product while white indicates that the product has no removal ability. For NH 4 + removal, without addition of diatomite, regardless of reaction time, the product has low removal ability (< 1.0 mmol/g) ( Fig. 2(a), (c) ). With the addition of diatomite the products have a higher removal ability than without the addition of diatomite (Fig. 2 (e) ) because of an increase in zeolitic phases in the product. Products with a high removal ability can be obtained from the PS calcined at 200 -800 °C in a 2 M NaOH solution because of the appearance of zeolite-P phases, which has higher cation exchange capacity than hydroxysodalite, in the product. It is noted that the product from the PS calcined at 1000 o C has low NH 4 + removal due to the low yield of zeolite-P in the product, indicating lower peaks of zeolite-P in XRD pattern. For PO 4 3- removal, under all conditions, the product from the PS calcined at 800 °C had a high removal ability (Fig. 2 (b) , (d), (f)). It has been reported that PS calcined at 800 °C has a high phosphate removal ability because of the formation of amorphous phases with active Ca that reacts with phosphateions 25, 26) . Most of active Ca in the PS calcined at 800 °C could remain in the product after the alkali reaction and it removes PO 4 3-from the solution.
Results and Discussion
Therefore, the product synthesized from the PS calcined at 800 °C in a 2 M NaOH solution with the addition of diatomite had the best ability to simultaneously remove NH 4 + and PO 4 3-. The reaction processes for the synthesis of the PS calcined at 800 °C with and without diatomite were investigated. The XRD patterns of the product from the calcined PS (a) without diatomite and (b) with diatomite during the alkali reaction are shown in Fig. 3 . The PS calcined at 800 °C was mainly composed of amorphous phases 25, 26) . Without the addition of diatomite the peaks of katoite and calcite appeared in a short time (15 min), and the height of the calcite peaks decreased with an increase in the reaction time. With the addition of diatomite the calcite peaks appeared in a short time (15 min), and the zeolite phases hydroxysodalite and zeolite-P appeared after 4 h of reaction. With an increase in the reaction time after the appearance of zeolite phases, the height of the calcite peaks decreased. XRD patterns of the (a) PS calcined at 800 °C (calcined PS) and the products from the calcined PS (b) without diatomite (Product-1) and (c) with diatomite (Product-2) after 8 h of reaction are shown in Fig. 5 , and the ability of PS, calcined PS, Product-1 and Product-2 to simultaneously remove NH 4 + and PO 4 3-are shown in Table 3 . In addition, removals of paper sludge ash (PS ash), the products from PS ash using the same procedure of product-1 and product-2, and some materials for NH 4 + and PO 4 3-are shown in Table 3 . Raw PS has a poor removal ability toward both NH 4 + and PO 4 3- , while the calcined PS has almost the same NH 4 + removal ability but a higher PO 4 3-removal ability than raw PS because of the formation of amorphous phases (Fig. 5(a) ) 25, 26) . Without the addition of diatomite, katoite, which is a hydrogarnet mineral with no cation exchange capacity, is formed (Fig. 5(b) ). It has a higher NH 4 + removal ability and almost the same PO 4 3-removal ability than raw calcined PS because of the increase in amorphous CASH gel in the product upon the alkali reaction 13) . With the addition of diatomite a mixture of hydroxysodalite and zeolite-P formed and the mixture had higher NH 4 + and PO 4 3-removal abilities than raw PS because of the formation of zeolite phases with cation exchange capacity and an increase in amorphous CASH gel in the product upon the alkali reaction. Product-2 has higher removal abilities of both NH 4 + and PO 4 3-than the products from PS ash, because PS ash is the mixture of amorphous phases and low reactive crystalline phases, such as gehlenite and anorthite, and the amounts of zeolite phases and CASH gel are low 13) . In addition, Product-2 has almost same removal abilities of NH 4 + and PO 4 3-as natural zeolites and calcium compounds (Ca(OH) 2 , CaCO 3 and CaO), respectively. In summary, we propose the following mechanism for alkali reaction of calcined PS, as shown in Fig. 6 . Zeolite synthesis from PS ash consists of three reactions; dissolution, gelation, and crystallization 9, 14) and calcined PS has a same procedure.
PS is composed mainly of inorganic calcite, kaolinite and talc, and organic compounds. Calcining at 400°C burns off the organic contents to create a porous structure. Without addition of diatomite, the product phases from the PS calcined at 200 and 400 o C after alkali reaction are almost the same, because the supply of soluble amounts of Si, Al and Ca from mainly calcite and kaolinite into the solution is almost the same. During alkali reaction, the contents of Si and Al in calcined PS dissolve from kaolinite into the solution, and a small amount of Ca dissolve into solution, because calcite hardly dissolves in NaOH solution at 80 o C 30) . The contents of Si and Al precipitate as Si-Al gel in the solid to be converted into zeolite phases, hydroxysodalite, but the amount of hydroxysodalite is small in the product. At 600°C calcination, kaolinite is transformed into metakaolin, and the amount of soluble Si and Al from the calcined PS increases, while a part of calcite reacts with metakaolin to form soluble Ca 25, 26) . The reaction of Si and Ca is superior to that of Si and Al 31) , and precipitate as Si-Ca gel in the solid to be converted into calcium silicate hydrate, katoite, and small amount of CASH gel formed in the product. , which is desirable for application in water purification. 
Conclusion
Zeolite-P, hydroxysodalite and katoite were synthesized from calcined PS at low temperature (80 °C). The products that were synthesized with the addition of diatomite exhibited a higher NH 4 + removal ability than those without diatomite because of the formation of zeolitic phases. With the addition of diatomite the product obtained using a 2 M NaOH solution gave a high NH 4 + removal ability because of the formation of zeolite-P.
Regardless of diatomite addition and NaOH concentration the products from the PS calcined at 800 °C had a high PO 4 3- removal ability because of the active Ca remaining in the product after the alkali reaction. The concentrations of Si, Al and Ca in the solution during the reaction were used to monitor the phase change. Without diatomite addition the concentration of Al in the alkali solution always exceeded that of Si and Ca during the synthesis and hydroxysodalite and katoite with low Si:Al ratios (1:1and 1:2, respectively) were formed. With diatomite, the concentration of Si far exceeded the concentrations of Al and Ca during the initial stage of the synthesis, and zeolite-P with a higher Si:Al ratio (5:3) was formed. The product that was prepared from the PS calcined at 800 °C under alkali reaction in 2 M NaOH at 80 °C for 8 h had a relatively high simultaneous NH 
